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We report on electron spin resonance spectroscopy measurements using a superconducting flux qubit with
a sensing volume of 6 fl. The qubit is read out using a frequency-tunable Josephson bifurcation amplifier,
which leads to an inferred measurement sensitivity of about 20 spins in a 1 s measurement. This sensitivity
represents an order of magnitude improvement when compared with flux-qubit schemes using a dc-SQUID
switching readout. Furthermore, noise spectroscopy reveals that the sensitivity is limited by flicker (1/f) flux
noise.
In recent years there has been an increased interest
in using superconducting circuits to perform electron
spin resonance (ESR) at millikelvin temperatures due to
the improved sensitivity and the highly polarized spins.
For example, by inductively coupling a spin ensemble
with a superconducting lumped-element resonator with
a small mode volume inductor that is combined with a
parametric amplifier, a state-of-the-art sensitivity value
of about 12 spins Hz−1/2 has been reported1. Sensi-
tivity improvements utilizing quantum squeezing have
also been achieved2. Since these inductive-detection
schemes typically employ fixed-frequency resonators that
operate near their resonance, they are generally limited
to magnetic field-dependent studies. However, to fully
characterize more complicated spin systems (for exam-
ple, anisotropic systems, or systems with hyperfine and
quadrupole interactions), magnetic field- and frequency-
dependent ESR spectroscopy is required3,4. This can be
achieved by using a broadband waveguide3, a tunable
resonator4, or by using the magnetic flux detection ca-
pabilities of superconducting loop structures such as a
direct current-superconducting quantum interference de-
vice (dc-SQUID)5,6, a frequency-tunable Josephson bi-
furcation amplifier (JBA)7, or a flux qubit8,9. Recently
flux qubit ESR spectroscopy with sensitivity of 400 spins
Hz−1/2 has been reported9.
In this paper, we report on further improvements
in the sensitivity of ESR using a flux qubit, which is
achieved by changing the readout scheme. The previous
flux qubit ESR spectroscopy was performed using a dc-
SQUID switching readout9. However, in this measure-
ment protocol, the repetition rate is limited by heating
due to the dc-SQUID switching to a voltage state. Con-
sequently the qubit readout is now replaced with a tun-
able JBA switching readout10,11, which allows an order
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of magnitude higher repetition rates as the JBA remains
in a superconducting state thus creating no heat on the
sample chip. In addition a flux qubit with a significantly
smaller loop size is employed hence reducing the sensing
volume by a factor of 8. This modification yields a sensi-
tivity improvement by an order of magnitude to 20 spins
for a 1 second measurement, making this result compa-
rable to the best sensitivity values for inductive-coupling
schemes employing a fixed-frequency resonator12. Lastly,
noise spectroscopy reveals that this sensitivity is limited
by 1/f flux noise in the SQUID structure of the JBA.
Figure 1(a) shows a simplified measurement schematic.
A standard three junction flux qubit with a 6 µm2 loop
size is embedded inside and shares its edges with a dc-
SQUID of the JBA11,13. A single microwave line was
used for both the qubit and the ESR excitation signals.
An isotopically purified Er3+ doped yttrium orthosilicate
(Y2SiO5/YSO) crystal (91.8%
167Er isotopes with elec-
tron spin S = 1/2 and nuclear spin I = 7/2, with 50 ppm
total Er abundance) was used in this study and it was
placed on top of the qubit chip as shown in Fig. 1(b).
Er dopants can lie on two crystallographic sites in YSO
crystal, with two subclasses for each site related by C2
rotation. A 2d vector magnet enabled magnetic field ~B‖
to be applied parallel to the surface of the chip to polarize
the spin ensemble. A second, much smaller magnetic field
~B⊥ was applied perpendicular to the chip to flux bias the
qubit. The system was then cooled to millikelvin tem-
perature ranges using a dilution refrigerator, that was
connected to a standard flux qubit measurement setup.
The system was initially characterized by measuring
the magnetization induced by the spin ensemble on the
qubit at different temperature T and B‖ values. More
specifically ~B‖ was oriented along the D2 axis of the crys-
tal, where the two subclasses for each site are equivalent.
Due to the anisotropy of the g-factor tensor of Er:YSO,
there is a nonzero magnetization perpendicular to the
chip surface. For each T and B‖ value, the qubit spec-
troscopy was performed at a range of applied flux bias Φ
values and the resultant spectra were fitted for the qubit
frequency fq given by the standard flux qubit expres-
sion hfq(Φ) =
√
∆2 + [ε(Φ)]2, where ∆ is the flux qubit
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FIG. 1. (a) A schematic diagram of the ESR spectroscopy
executed using a flux qubit that is readout with a JBA. (b) A
photograph of 167Er:YSO crystal mounted on top of the flux
qubit chip. The white arrows correspond to the YSO crystal
axes. The black dashed square marks the location of the flux
qubit. (c) The pulse sequence utilized for the ESR measure-
ments.
energy gap. The flux-dependent detuning is given by
ε(Φ) = 2Ip[Φ−Φoff(B‖, T )−Φ0/2], where Φ0 is the flux
quantum and Ip is the persistent current (Ip ≈ 330 nA
for the qubit used). The offset flux Φoff depends on T and
B‖ and it includes the effect of the magnetization from
the spins, any stray magnetic field from the environment,
any misalignment of B‖, and the possible presence of vor-
tices. Since Φoff is measured after a change in T while B‖
is unchanged, the latter three effects are identical with
the same B‖ and different T . As a result, the change
in magnetization flux due to temperature change can be
defined as δΦm(B‖, T1, T2) = Φoff(B‖, T2)−Φoff(B‖, T1).
Figure 2(a) shows a plot of fq as a function of Φ
with B‖ = 0 for several temperatures, where an appar-
ent change in magnetization is observed with a change
in temperature. Although no spin magnetization is ex-
pected when total ~B = 0, a small magnetization may
emerge from the applied nonzero B⊥, and/or from a
stray environmental magnetic field. To account for these
effects, δΦm(B‖, T1, T2) − δΦm(0, T1, T2) is plotted as a
function of µBB‖δ(1/T )/2kB in Fig. 2(b), with µB the
Bohr magneton, and δ(1/T ) = 1/T2 − 1/T1.
For a spin-1/2 system with zero nuclear spin, the spin
magnetization follows
Φm = Φs tanh
(
µBgB‖
2kBT
)
, (1)
where Φs is the saturation magnetization level and g is
the g-factor. For µBgB‖  2kBT ,
Φm ≈ Φs
µBgB‖
2kBT
. (2)
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FIG. 2. (a) The flux qubit transition frequency as a function
of flux bias at different temperatures with ~B‖ = 0 (note the
relative flux is referenced to the frequency minimum for the
data acquired at T = 200 mK). The symbols are the data and
the solid lines are fit detailed in the main text. (b) The change
in flux detected by the qubit at different magnetic fields and
temperatures minus the shift detected at ~B‖ = 0 shown in
(a). B‖ ranges from 0.1 to 5 mT and T ranges from 50 to 200
mK. The symbols correspond to data at different fields, and
the dashed line is a linear fit that is also detailed in the main
text.
For 167Er:YSO contributions from the two sites, the
anisotropy of g-factor tensors, as well as the presence
of nuclear spins (I = 7/2) need to be considered, but
simulations9,14 show that the magnetization for small B‖
still approximately follows Eq. 2 with an effective g-factor
g˜ ≈ 5.2 for this measurement configuration. The linear
fit in Fig. 2(b) confirms that the spin magnetization fol-
lows Eq. 2 with Φs ≈ 0.29Φ0, and this is consistent with
previous spin detection measurements of Er:YSO5,7,9.
Next, ESR was performed by measuring the change in
the qubit spectrum as a function of ESR excitation fre-
quency. Figure 1(c) shows the pulse sequence utilized for
the microwave excitations, with the applied flux Φ set at
a constant value away from the qubit degeneracy point.
Figures 3(a) and 3(b) show the ESR measurement data
acquired at T = 200 mK, with B‖ = 1.7 mT oriented
along the D2 axis of the YSO crystal. This ESR spec-
trum shows asymmetric peaks due to the slowed phonon-
bottleneck relaxation of Er15. This spectrum should also
follow the standard spin Hamiltonian16
H = µB ~B · g ·S + I ·A ·S + I ·Q · I − µngn ~B · I, (3)
where ~B = ~B‖ + ~B⊥ ≈ ~B‖, µn is the nuclear magne-
ton, S is the electron spin operator, I is the nuclear
spin operator, g is the electron g-factor tensor, A is
the hyperfine tensor, Q is the quadrupole tensor, and
gn is the nuclear g-factor. Moreover, the two crystallo-
graphic sites have different sets of anisotropic g, A, and
Q tensors. Due to these characteristics, 167Er:YSO is a
prime example of materials that requires frequency- and
field-dependent ESR spectroscopy for a full characteri-
zation of the spin properties. In fact, recent measure-
ments reported slightly different 167Er:YSO g, A, and
Q values4,17,18 depending on the measurement methods,
microwave frequencies, and magnetic field directions and
3strengths used. Accurate values of these spin tensors are
of interest due to the predicted existence of zero first-
order Zeeman (ZEFOZ) transitions with significantly im-
proved coherence19. Fig. 3(c) shows the simulated ESR
spectrum14 of 167Er:YSO for the same field value as in
Figs. 3(a). The simulation used the most recently re-
ported spin tensor values, obtained using Raman hetero-
dyne spectroscopy for site 118 and using a tunable cav-
ity ESR spectroscopy for site 24. The simulated transi-
tion frequencies and strengths show good agreement with
the spectrum taken using the flux qubit. Flux qubit
spectroscopy in various magnetic field orientation and
strengths should contribute further in the determination
of 167Er:YSO spin tensors.
The flux qubit has an area of 6 µm2 with an effective
thickness5,20 of ∼ 1 µm which yields an effective sensing
volume of ∼ 6 fl and thus Nv ≈ 6 × 106 spins within
this volume. The optimal sensitivity of the flux qubit
ESR scheme (see also the Supplementary Material) can
be expressed as9
Nmin = δPsw
∣∣∣∣ ∂fq∂Psw
∣∣∣∣ δNδfq = δPsw 4hγq3√3V Ip δNδΦ , (4)
where δPsw is the JBA switching probability noise, V is
the measurement visibility, γq is the line width of the
qubit spectrum, δΦ/δN is the magnetic flux generated
by a single spin, and δfq/δN is the change in the flux
qubit’s frequency from the spin magnetization. In the
standard flux qubit spectroscopy scheme, optimal val-
ues for V ≈ 0.23 and γq ≈ 32 MHz at temperatures
below 100 mK. The spin polarization detection measure-
ment enables δN/δΦ = Nv/Φs to be derived. To es-
timate δPsw, several hundred sequential measurements
of switching probability Psw were performed with vary-
ing repetition numbers Nrep at similar bias conditions to
those used in the ESR spectroscopy where Psw ≈ 0.5.
Figure 4(a) shows the resulting switching probability
standard deviation σPsw as a function of Nrep with a
repetition time of 10 µs. For low Nrep values, the stan-
dard deviation follows the binomial standard deviation√
Psw(1− Psw)/Nrep that approaches a constant value of
5× 10−3 at large Nrep & 5000. Assuming δPsw = 2σPsw,
a typical repetition time between 5 and 20 µs infers a
sensitivity of about 20 spins in a 1 second measurement.
This performance represents nearly three orders of
magnitude improvement than the 104 spin sensitivity for
the JBA ESR7. Direct comparison between the flux qubit
ESR and JBA ESR can be made by comparing Fig. 3(b)
and Fig. 3(d), which is the ESR spectrum of the same
Er:YSO sample obtained using the same JBA taken at
the same magnetic field and temperature. Both spec-
tra show the same general structure, but the flux qubit-
obtained spectrum can resolve more spin transitions as
would be expected from a more sensitive measurement
scheme. More significantly, the 20 spin sensitivity value
also corresponds to an order of magnitude improvement
than the sensitivity determined from the flux qubit ESR
using the dc-SQUID switching readout9. Since the repe-
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FIG. 3. (a) The flux qubit spectrum as a function of ESR
excitation frequency at | ~B‖| = 1.7 mT with T = 200 mK.
(b) The ESR spectrum extracted from the flux qubit spec-
trum. (c) Simulated ESR spectrum for the same magnetic
field and temperature. The red (green) dashed line corre-
sponds to the site 1 (2) spectrum, respectively, and the blue
solid line corresponds to the combined spectrum. (d) The
ESR spectrum measured using JBA ESR spectroscopy with
the same magnetic field and temperature.
tition rate in the current measurement is about 20 times
faster than the repetition rate using the dc-SQUID, a fac-
tor
√
20 ≈ 4.5 improvement in sensitivity is expected by
changing the readout scheme. The other sensitivity im-
provements arose from the greater visibility with the JBA
readout in comparison to dc-SQUID switching readout,
as well as the qubit’s narrower line width.
To understand the limiting factor for δPsw at large
Nrep, a continuous measurement of Psw was performed
for approximately 7 hours. Figure 4(b) shows the Welch
power spectral density calculated from the resultant data
where slow drifts due to any changes in the measure-
ment environment (effective spin temperature or ambi-
ent field) are accounted for. This noise spectrum shows
4a 1/f (flicker) noise behavior given by
SPsw(f) =
APsw
(f/1 Hz)α
, (5)
where APsw is the noise level at 1 Hz with a best
fit value of α ≈ 0.93 [red dashed line in Fig. 4(b)].
Flicker noise behavior is commonly seen in the flux
noise of SQUIDs21–23 and superconducting qubits24–26
with a typical α of 0.9, and a 1 Hz noise level of
AΦ ∼ (1µΦ0)2/Hz. The presence of flicker noise lim-
its the minimum detectable signal27 in a sensor and thus
causes saturation of δPsw in Fig. 4(a). Assuming δPsw
originates from flux noise, the flicker flux noise level
in the JBA SQUID loop can be estimated as AΦ =
APsw(∂Φ/∂Psw)
2 ≈ (5µΦ0)2/Hz. Since this noise level
is consistent with previously reported values for SQUIDs
and flux qubits, it can be surmised that the ESR sensi-
tivity of this setup is limited by the flux noise from the
SQUID. The qubit’s flux noise can also be independently
measured using Ramsey interferometry28 and dissipation
spectral analysis methods26,29, with similar noise levels.
As qubit flux noise contributes to γq in Eq. 4
24,26, it also
limits the sensitivity.
Although the sensitivity is comparable to the best val-
ues for superconducting devices, several approaches to
further improve the sensitivity can be identified. For in-
stance, surface spins are thought to contribute to 1/f flux
noise23,30,31 and surface treatments have been shown to
reduce their 1/f noise level in some SQUIDs23. Further-
more, the sensitivity quantified in Eq. 4 depends on the
noise level in the switching probability and also ∂Φ/∂Psw,
which can be reduced by optimizing the JBA design and
bias level. Longer-lived flux qubits32–34 have reduced γq
but also smaller persistent current Ip. Thus, it remains
as a future work whether such qubits improves the sen-
sitivity. Additionally, implementation of alternate flux
qubit readout schemes such as the commonly used dis-
persive readout with parametric amplification35 can be
explored for possible sensitivity improvements.
In summary, an improvement in the sensitivity of ESR
is demonstrated using a flux qubit that is readout via a
Josephson bifurcation amplifier which enables the detec-
tion of an estimated 20 spins in 1 second measurement.
More fundamentally this sensitivity is found to be lim-
ited by the intrinsic 1/f flux noise of the dc-SQUID loop
of the JBA.
See the Supplementary Material for the comparison be-
tween the ESR signal detected by flux qubit with the ESR
signal detected using a conventional cavity ESR spec-
trometer, and their dependences to the relaxation time
T1 and coherence time T2 of the detected spins.
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FIG. 4. (a) The standard deviation in the qubit switching
probability as a function of repetition number with the qubit
at 60 mK and B‖ = 0. The symbols are the experimental
data and the dashed line is a calculated binomial standard
deviation. The shaded region corresponds to the number of
repetitions within 1 second for a typical experimental repe-
tition time of 5 to 20 µs. (b) The Welch spectral density of
the switching probability that is obtained from repeated mea-
surement of Psw over 7 hours. The dashed line shows a fit to
the 1/f noise model.
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